Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal cancer that is estimated to cause ~227,000 annual deaths worldwide. 1, 2 This phenomenon can be attributed to the absence of specific symptoms at early stages, 2, 3 and ~80% of patients have lost their chance of surgery upon the time of diagnosis, leading to a 5-year overall survival (OS) rate of ,1%. 4 Unresectable PDAC included unresectable locally advanced pancreatic cancer (LAPC) defined by the following: greater than 180° superior mesenteric artery or celiac encasement, aortic invasion, and unreconstructable superior mesenteric or portal vein involvement, 5 metastatic PDAC, and some stage II patients with poorer physical status (Eastern Cooperative Oncology Group .2). For these patients, systemic administration of gemcitabine (GEM) has proven to be the mainstream first-line chemotherapy since 1997; other regimens such as FOLFIRINOX (leucovorin, fluorouracil, irinotecan, and oxaliplatin) and GEM plus nab-paclitaxel are effective regimens that represent the latest advancement in unresectable PDAC. However, patients experienced significantly increased toxicity compared to GEM alone. 6, 7 Among the submit your manuscript | www.dovepress.com
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ning et al randomized controlled trials comparing GEM/erlotinib with GEM alone, 8 Moore et al reported the improvement in OS was only about 0.3 months by the addition of erlotinib to GEM in a total of 569 patients. 9 Other than systemic chemotherapy, GEM-based regional intra-arterial chemotherapy (RIAC) has been proven to be effective for some metastatic and localized PDAC cancers. 10, 11 Despite ongoing efforts to establish a more favorable benefit-risk profile for patients receiving chemotherapy, the survival outcome to date is far from satisfactory. 12, 13 Besides chemotherapy, minimally invasive ablative therapies are another option for patients with unresectable PDAC who cannot undergo curative surgery and have a limited response to systemic chemotherapy. Since the late 1990s, high-intensity focused ultrasound (HIFU) has been used widely in China and Korea and is now recommended by the US National Institutes of Health (2013) as an alternative treatment for unresectable PDAC patients. 3 HIFU effectively ablates pancreatic tumors by raising local tissue temperatures as high as 65°C, therefore destroying the tumor cells, 1, 3, 5 breaking the stromal barrier of pancreatic cancer, and enhancing delivery of chemotherapy to pancreatic tumors.
14 Some studies have reported that treatment with HIFU combined with chemotherapy has led to desirable results compared to chemotherapy alone. 15, 16 However, these studies were based on a relatively smaller sample size.
The present study aims to evaluate the potential clinical value of HIFU combined with GEM and examine the safety of HIFU in the treatment of unresectable PDAC.
Patients and methods Patients
A total of 523 patients with unresectable PDAC were enrolled in our study from December 30, 2007 to January 30, 2015. Of these patients, 347 were treated with HIFU combined with GEM and a total of 176 patients received GEM monotherapy. All the patients were abstracted to an anonymized database and were analyzed retrospectively for baseline demographics, tumor characteristics, treatment details, and outcomes as documented in the medical records. The diagnosis of PDAC was histologically or cytologically confirmed. All patients were informed of the potential benefits and risks of HIFU therapy. This study was approved by the Ethics Committee of Fudan University Shanghai Cancer Center (Shanghai, China), and informed consent was obtained from every patient.
hiFU equipment and therapy
The ultrasound (US) therapeutic system was provided by Chongqing Haifu (HIFU) Tech (Chongqing, China).
HIFU therapy was administered before chemotherapy. Patients were instructed to fast for 12 hours before HIFU therapy. The following parameters for the therapeutic US transducer were used: 1) frequency: 0.85 MHz (or 1.04 MHz); 2) focal length: 135.0 mm (or 151.0 mm); 3) diameter: 20 cm; 4) the scanning method: point-by-point method; 5) depth: the distance on the US channel from the center of the tumor to the skin (30-120 cm); and 6) input target energy: 200-400 J/spot. Real-time US was used to target the pancreatic tumor by moving the integrated probe, and the tumor was divided into slices with 5 mm separation by using US images. Blood pressure, pulse, respiration rate, and peripheral oxygenation were monitored during the HIFU treatment.
geM therapy GEM therapies were adopted on the next day after HIFU treatment in the combined therapy group, and GEM therapies were undertaken by the following approaches: either as combined therapy with HIFU or applied as monotherapy. For systemic chemotherapy, a dose of 1,000 mg/m 2 GEM was administered by a 30-minute intravenous infusion on days 1 and 8 of a 4-week cycle. For RIAC, Seldinger technology was adopted. Angiography of the abdominal cavity artery and other target arteries of the cancer was used to determine the location, infringing range, and blood supply of the carcinoma. Next, a catheter was inserted into the target through the femoral artery. A dose of 1,000 mg/m 2 GEM and a dose of 600 mg/m 2 fluorouracil were administered for 30 minutes on day 1 of a 4-week cycle. For RIAC + systemic chemotherapy, RIAC was implemented on day 1 and a dose of 1,000 mg/m 2 GEM was administered by a 30-minute intravenous infusion on day 8 of a 4-week cycle.
safety assessment
The incidence of HIFU-related adverse events (AEs), including burns, abdominal pain, pancreatitis, jaundice, hemorrhage, gastrointestinal (GI) perforation, and intestinal necrosis, as reported in previous studies, was recorded. Serum amylase and urinary amylase levels were tested the next day after treatment. 
Quality of life evaluation
1023
ning et al fatigue, pain, nausea, and vomiting. Dyspnea, insomnia, loss of appetite, constipation, diarrhea, and economic difficulty are the aspects that need to be considered. The ultimate score ranges from 0 to 100. The function-associated score is in positive proportion to the well-being of the patient. The score associated with symptom and side effects is in adverse proportion to the patients' well-being. Moreover, we assessed pain relief among these pancreatic patients. The degree of pain was evaluated by a numerical rating score, as depicted in the universally acknowledged brief pain inventory. The score ranges from 0 to 10; 0 refers to no pain at all and 10 refers to unbearable pain.
Patients' follow-up
The OS was defined as the time from the date of pathologically confirmed diagnosis to the date of the last follow-up or the date of death. Censoring occurred if patients were still alive at the last follow-up or died of other causes.
statistical analyses
All statistical analyses were conducted using SPSS 22.0, and data were expressed as the mean ± SD. Continuous variables were compared with the Student's t-test or the Mann-Whitney U-test. Categorical variables were compared using chi-squared analysis or Fisher's exact test, and exact 95% CIs were computed. OS was calculated according to Kaplan-Meier analysis, and P-values were evaluated by the log-rank test for censored survival data. P-values ,0.05 were considered statistically significant.
Results
hiFU ablated the pancreatic tumor completely
By scanning with a continuous HIFU beam and sweeping from the deep to the shallow regions of the tumor, the targeted regions in each slice of the tumor were completely ablated. US image obtained immediately after HIFU treatment showed obvious hyperechogenicity of the treated pancreatic tumor ( Figure 1 ).
Patient characteristics
The patients' characteristics are summarized in Tables 1  and 2 . The average age in the combined therapy group and the GEM monotherapy group was 61.0 and 60.5 years, respectively. The male-to-female ratios were 1.94:1 and 1.38:1 in the two groups, respectively. Of the 347 combined therapy patients, 26 (7.5%) were at stage II, 75 (21.6%) were at stage III, and the remaining patients were at stage IV. A total of 73 (21%) patients had masses located in the head and neck of the pancreas, and 274 patients (79%) had masses in the body and tail of the pancreas. In the GEM monotherapy group, 22 (12.5%) patients had stage II disease, 31 (17.6%) had stage III disease, and 123 (69.9%) had stage IV disease. Seventy-nine (44.9%) patients had masses in the head and neck of the pancreas, and 97 (55.1%) in the body and tail of the pancreas. Chi-squared tests showed no differences between the two groups with respect to age, sex, and stage, but there was a difference with respect to tumor location. Of the 347 patients in the combined therapy group, there were 85 patients in the HIFU plus systemic chemotherapy group (group A), 128 patients in the HIFU plus RIAC group (group B), and 134 patients in the RIAC plus systemic chemotherapy group (group C).
Among patients in the cohort of combined therapy, a total of 265 had liver metastasis and 42 had lung metastasis. Also, 56 patients had bone metastasis and the number of patients who had metastasis to peritoneum and lymph node was 36 and 23, respectively. In the gemcitabine-only group, the number of patients with metastasis to liver, lung, bone, peritoneum and lymph node was 93, 21, 34, 29, and 17, respectively. 
OS benefits
The median OS of patients in the combined therapy group vs GEM monotherapy group was 7.4 vs 6.0 months (P=0.004; Figure 2 ). The 6-month, 10-month, 1-year, and 2-year survival rates for patients in these two groups were 66.3% vs 47.5% (P,0.0001), 31.12% vs 15.9% (P,0.0001), 21.32% vs 13.64% (P=0.033), and 2.89% vs 2.27% (P=0.78), respectively. Kaplan-Meier analysis was used to detect significant differences between pairs of groups (group B vs group A, P=0.022; group C vs group A, P=0.719; group C vs group B, P=0.002), as shown in Figure 3 , and the median time was 7.9, 6.4, and 9.0 months in groups A, B, and C, respectively. Chi-squared tests showed that there were no differences among the three groups with respect to age, sex, and tumor site (P=0.984, 0.056, and 0.225, respectively) and stage in group C vs group B (P=0.769), but there were differences with respect to stage in group B vs group A (P=0.011) and group C vs group A (P=0.04).
aes and complications as well as quality of life evaluation
Overall, AEs occurred in 27 (7.78%) patients as shown in Table 3 . Skin burns did occur in four patients, among whom one had deep second-degree burns. Vertebral injury, identified by MRI, occurred in two patients, although no symptoms were observed. Abdomen and waist pain occurred in two cases and gradually subsided within 1 week of a rectal indomethacin suppository. Obstructive jaundice concomitant with biliary tract infection developed in one case, in which a tumor was located on the head of the pancreas; percutaneous transhepatic cholangial drainage and anti-infective therapy were administered and showed good therapeutic efficacy. The serum amylase levels were increased in 13 cases (7.1%), 6 of which also showed abnormal urinary amylase levels the day after HIFU treatment. A total of 3 patients with pancreatic body cancer developed GI tract bleeding within 1 week of HIFU treatment. Since all of them were diagnosed by black stool and positivity for fecal occult blood, hemostatic treatment was given. Mild fever (,38.5°C) was observed in two cases; therefore, physical cooling was applied. There were no severe HIFU-related complications or AEs, such as severe skin burns or GI perforation, in any of the patients treated.
Besides, we observed that the quality of life had improved and pain was reduced by HIFU treatment.
Tumor size was reduced in PDac patients with hiFU treatment
A slight increase in tumor volume (arrowhead) could be observed in some of the PDAC patients after some consecutive chemotherapy. However, these lesions showed a decrease in tumor size and the amount of soft tumor tissue (arrowhead) encasing the celiac artery after some sessions of HIFU therapy concurrent with some additional sessions of chemotherapy, as shown in Figure 4 .
Discussion
Our data indicated that the median OS of patients in the HIFU combined with GEM group was prolonged by 1.4 months compared to that of the GEM monotherapy group. The OS was greatly improved in patients with HIFU plus RIAC and systemic chemotherapy (9.0 vs 6.0 months), which demonstrated that local therapies (HIFU and RIAC) combined with systemic chemotherapy may be the optimal treatment strategy. However, there was no statistical difference in the long-term survival (no less than 2 years) between these two groups. By generating a high local concentration of acoustic energy in the focal spot, thereby inducing a rapid rise of temperature to over 65°C within a few seconds, HIFU treatment ablates tissues deep inside the body, which leads to 
Figure 3
The median Os time in the hiFU plus riac and systemic chemotherapy group (yellow line, group c), the hiFU plus riac group (green line, group B), and the hiFU plus chemotherapy group (blue line, group a) was 9.0, 6.4, and 8.7 months, respectively. group B vs group a, P,0.001; group c vs group a, P=0.604; group c vs group B, P,0.001. Abbreviations: hiFU, high-intensity focused ultrasound; Os, overall survival; riac, regional intra-arterial chemotherapy. It is widely acknowledged that FOLFIRINOX or nab + GEM is the first-line chemotherapy recommended for pancreatic cancer patients. However, the effects of these chemotherapies are limited. Therefore, it is more of clinical value to evaluate the effect of HIFU combined with chemotherapy, such as FOLFIRINOX or nab + GEM. GEM + nab is widely applied among Chinese PDAC patients, whereas FOLFIRINOX is seldom used because few Chinese patients could tolerate this regimen. In this study, we enrolled patients subject to GEM monotherapy, considering their performance status (PS) and their disease stage.
GEM-based systemic chemotherapy remains the mainstay of treatment for PDAC due to its established efficacy in extending the survival of PDAC patients. 18 The median OS of patients who received GEM alone and combinations of GEM with other antitumor drugs was about 6-10 months. [19] [20] [21] [22] [23] [24] [25] [26] Compared with systemic chemotherapy, RIAC generates high drug concentrations in the target areas while maintaining low systemic drug levels, thereby reducing the risk of systemic toxicity while improving the drug efficacy in the target tissue. 27, 28 Some studies have suggested that GEMbased RIAC has more clinical benefits by improving the median survival time of patients with metastatic pancreatic cancer and causing fewer systemic complications in comparison with systemic chemotherapy. 29, 30 Therefore, HIFU combined with RIAC and/or systemic chemotherapy should be a feasible and effective treatment strategy for unresectable PDAC and represents an ideal option for palliative therapy.
A recent clinical study examined HIFU in combination with systemic GEM therapy in patients with LAPC. The estimated median OS was 12.6 months (95% CI=10.2-15.0 months), and the OS rates at 1 and 2 years were 50.6% (95% CI=36.7%-64.5%) and 17.1% (95% CI=5.9%-28.3%), respectively. 13 However, this study included only 39 patients with localized unresectable PDAC (stage III) and gemcitabine was used at days 1, 8, and 15. In our study, HIFU plus systemic chemotherapy (group A) showed a reduced survival benefit, with the estimated median OS time being 7.9 months (95% CI=6.7-9.1 months). We suggest that the difference could be ascribed to the difference in HIFU equipment applied in the treatment. Another possible explanation could be the inclusion of more stage IV patients (49/85, 57.6%), and lesser dosage of gemcitabine used in the present study. In order to evaluate the role of age and tumor location on the survival of these pancreatic patients, we detected their effects not only on the entire cohort of patients, but also on the combined group and the gemcitabine-only group. Results have shown that age was an independent prognostic factor in the subgroups of these PDAC patients. Primary tumor location was also a prognostic factor affecting OS. However, as a retrospective study, this is a deficiency which could not be totally avoided.
There are no similar studies reporting about HIFU combined with RIAC treatment strategy (group B) used in patients with unresectable PDAC, in whom the median OS time was 6.4 months, which did not show any survival benefit compared with group A. There data are in contrast to some studies which showed that GEM-based RIAC had superior clinical benefits in comparison with systemic chemotherapy alone, 29, 30 and we guess it may result from the higher rate of stage IV PDAC patients in group B than in group A (74.2% vs 57.6%). This may mean that HIFU combined with either GEM-based RIAC or systemic chemotherapy should have the same influence on survival benefit. Also, in future, prospective and well-designed randomized controlled studies (HIFU plus RIAC vs HIFU plus systemic chemotherapy) are warranted.
HIFU combined with RIAC and systemic chemotherapy strategy (group C) has been first reported in the present study, which showed significant survival benefits than the other two groups. The median OS of HIFU combined with GEM-based RIAC and systemic chemotherapy group was 9.0 months, and the 1-year OS rate was 23.1%, which was similar or slightly inferior to that reported in some recent studies about systemic chemotherapy [31] [32] [33] [34] [35] in the treatment of unresectable PDAC and radio-chemotherapy in the treatment of LAPC and borderline resectable PDAC. 36, 37 What is more, group C showed survival advantage compared with group A, but there was no significant statistical difference. We assume it may result from the higher rate of stage IV PDAC patients in group C than in group A (76.1% vs 57.6%). The results suggest that pulsed systemic chemotherapy on the basis of HIFU plus RIAC could significantly increase patients' survival, and it is expected to be the primary option for patients with unresectable PDAC.
Currently, the mechanism of the enhanced effect of HIFU on GEM treatment has not been fully elucidated. Some studies presumed that the mostly mechanistic rationale may be based on two aspects: 1) the hyperthermia caused by pulsed HIFU induces an increase in blood flow to pancreatic mass, which may increase the drug delivery and 2) HIFU can induce structural and molecular changes due to cavitation damage, shear stress, and micro-streaming, all of which may enhance drug extravasations and sensitize the cancer cells. 38, 39 In terms of safety, high-intensity US beams may produce burns in the tissues that lie between the transducer and the target area. Thermal injury could occur at either the shallower areas of the target lesion or due to unwanted deep penetration through the target area. 40 No severe complications were observed in either group in our study, and they mostly occurred in tissues adjacent to the target lesion and lying in the travel path of the HIFU beams. Skin burns did occur in four patients. Among these patients, one developed deep second-degree burns and recovered automatically 4 weeks later. Vertebral injuries were observed in two cases, and bone-related AEs did not occur in these two patients.
HIFU entails the risk of biliary perforation or biliary duct damage that can result in malignant biliary obstruction by thermal injury when cancers are located in the head of the pancreas. One patient with a lesion in this location suffered from biliary obstruction accompanied by acute infection of the biliary tract. After receiving percutaneous transhepatic cholangial drainage combined with anti-infection therapy, the patient showed complete recovery. GI bleeding was a rare occurrence following HIFU. In our study, a total of five patients experienced mild GI bleeding, and showed positive fecal occult blood testing (++ to +++) and no melena within a week after hemostatic therapy, and the patients were discharged from the hospital the next week. We speculate that GI bleeding was usually caused by tumor invasion to the adjacent digestive tract or by chemotherapy/radiotherapy which impairs noncancerous tissues, thereby increasing their sensitivity to HIFU scattering, 40, 41 and may be less directly related to HIFU treatment. Therefore, HIFU should be performed with caution in patients with pancreatic head cancer and body masses, as it is potentially detrimental to the invaded biliary and digestive tracts since these critical structures cannot be avoided when directing the travel path of HIFU beams.
In summary, HIFU in combination with GEM is a welltolerated modality with promising activity in patients with unresectable PDAC. However, it cannot prolong the longterm survival (no less than 2 years) and more studies are needed to explore the association between HIFU and drug. Despite a lack of randomization and potential selective bias, the outcomes of HIFU combined with GEM in the present study are highly encouraging, and should be an impetus for further studies and hopefully be applied more in clinical practice.
